Introduction
Status epilepticus (SE) results from a defect in seizure termination mechanisms or from the development of events that lead to an abnormally prolonged seizure. The treatment should be started in around 5 min for tonic-clonic convulsive seizures and in 10 min for focal SE with impaired consciousness [1] . Central nervous system tumor or infection, stroke, low antiepileptic levels, alcohol withdrawal and metabolic derangement are the most frequent causes. Unfortunately, some cases remain of unknown etiology despite thorough investigation [2] . Magnetic resonance imaging (MRI) is an essential investigation tool in epilepsy and SE, especially to establish their etiology and to aid in the characterization of ictal/postictal physiopathology [3] . Some refractory cases need prolonged treatment, especially if there is not widespread irreversible brain injury. New techniques are emerging, being diffusion-weighted image (DWI) and perfusion-MR the foremost focus, but the results are heterogeneous. The present work intends to review the main available data about the MRI findings in SE.
Methods
We searched Medline (1995 Medline ( -2015 using the terms ''MRI'', ''brain'' and ''status epilepticus''. Then, we mesh those terms with ''diffusion-weighted'', ''perfusion-weighted'', ''susceptibilityweighted'', ''spectroscopy'' and ''arterial spin labeling''. We also search the initial keywords with ''mortality'', ''morbidity'' and ''outcome''. Since our purpose was not to do a systematic review, we chose original works which seem to us more relevant. We excluded single case reports, unless they represent a novelty.
Purpose: Status epilepticus (SE) is a neurological emergency with multiple etiologies and a complex pathophysiology, which is incompletely understood. Brain magnetic resonance imaging (MRI) represents a noninvasive tool to increase our knowledge about epileptogenesis. This paper aims to review the main MRI findings in SE. Method: We conducted a search in Medline database using the terms ''MRI'', ''brain'' and ''status epilepticus'' and further crossed for ''diffusion-weighted image'' (DWI), ''perfusion'', ''spectroscopy'', ''susceptibility-weighted image'' (SWI), ''mortality'', ''morbidity'' and ''outcome''. Inclusion: original articles written in English and selected case reports published from 1995 to 2015. Exclusion: reviews. Results: MRI may play a pivotal role in the disclosure of the etiology of SE, epileptic focus location and seizure propagation. Several techniques have been used. Concerning DWI, experimental models and clinical studies have complementary results. Periictal abnormalities may occur with cytotoxic and/or vasogenic edema involving both cortical and subcortical structures, but literature is controversial regarding their significance. DWI changes can be transient, but their maintenance could mean irreversible neuronal damage leading to focal brain atrophy and gliosis (mostly in the hippocampal region), possibly developing a new epileptic focus. Perfusion studies, including arterial spin labeling data, showed changes in cerebral blood flow. We also explore the possible vascular insight provided by SWI. [4] . These lesions are mostly focal with a corticosubcortical distribution [4] [5] [6] . Less frequently, signal abnormality involves only the cortex or presents a predominant subcortical pattern. It can be acute or associated to remote lesions [7, 8] . Furthermore, these abnormalities usually have correspondence on the conventional MR sequences -hypointensity in T1-weighted images (WI) and hyperintensity in T2-WI and fluid attenuation inversion recovery (FLAIR), generally associated with some local expansion. These findings may mimic a brain tumor pattern, but are usually differentiated in follow-up MRs, because of the reversibility of signal abnormalities in SE. Brain focal edema and concurrent focal hyperperfusion may occur with blood-brain barrier disruption, depicted by regional enhancement in postcontrast T1-WI [9] .
Conclusion

Periictal changes and their relation with epileptogenic networks
A study analyzed a cohort of 54 patients and found that the DWI abnormalities were unilateral in 85.2% of them and ipsilateral to the epileptogenic lesion when it was present [10] . These anomalies were mainly located in posterior regions [6, 8, 11 ] -hippocampus and pulvinar [10] . Another group collected DWI data of 10 cases of acute SE and an increased signal was found in 9 patients involving several regions (basal ganglia, thalamus, cerebellum, brain stem and external capsules) besides hippocampus and pulvinar, but without further disclosure of a specific or consistent pattern [12] (Fig. 1) . The authors hypothesized that the involvement of brain stem and cerebellum could be related to their abundant cortical connections. Others argued the existence of a cerebellum diaschisis phenomenon, characterized by the involvement of cerebellar hemisphere contralateral to the supratentorial epileptic focus, caused by an excessive and prolonged synaptic activity involving corticopontine-cerebellar pathways [13] .
A specific analysis of periictal thalamic dysfunction in the partial SE found DWI abnormalities with a prevalence of 31%, ipsilateral to the epileptiform activity, preferentially involving the pulvinar nucleus [14] , but with a lower frequency than previously reported [15] . Nakae et al. presented 106 patients with DWI signal abnormalities in 42.5% of them; 24.5% presented with cortex lesions alone and 17.9% with both cortex and pulvinar ipsilateral lesions. They found that a long duration of SE (120 min) tended to be more prevalent in the group of both pulvinar and cortex lesions (57.9%), a trend that favors a spreading pattern of seizure discharge via cortico-pulvinar connections [16] .
An alternative hypothesis has been proposed, suggesting that the involvement of thalamic and hippocampal areas during SE could mean a higher susceptibility to seizures-induced hyperperfusion [17] . If they are not directly recruited in epileptogenesis, they are very sensible to the propagation of ictal activity which can result in permanent lesions [18] (like hippocampal sclerosis), possibly developing a new epileptic foci and neuropsychological changes [19] .
Some considered that the location of periictal DWI changes correlates with the ictal onset [5, 20] . However, these changes might be due to longer ictal activity, corresponding to propagation areas and not to the ictal onset zone itself. DWI could, at least in part, be more sensitive than postictal electroencephalogram (EEG) in the detection of epileptic areas, since the EEG sensibility decreases rapidly with time [10] .
Vasogenic versus cytotoxic edema
DWI allows the distinction between cytotoxic and vasogenic edema [21] . One group studied the potential of ADC maps to understand the pathophysiology of SE using a rat pilocarpine model. They found an increase in ADC in the temporal, parietal and piriform cortex, amygdala, thalamus and hippocampus at 3 min after the seizures onset. Between 30 and 90 min they observed a maximal ADC decrease in subcortical structures, which was less pronounced in animals treated with diazepam. After two weeks of seizures onset there was a significant neuronal loss in all studied areas, more severe in the untreated group. The authors concluded that the extent of ADC decrease between 30 and 90 min correlates well with the neuronal loss in the postictal phase, allowing an estimate of the antiepileptic drugs impact when they are administered in the early phase of SE [22] . Previously, other investigators have also used a pilocarpine model and detected a ADC decrease in piriform and retrosplenial cortex and amygdala at 12 h after SE induction and a ADC increase in the hippocampus at 24 h [23] . Using a kainic acid (KA) model, Wang et al. found comparable results [24] . Experimental models and several human partial SE cases have demonstrated a decrease of ADC values in the epileptogenic foci, indicating cytotoxic edema [5, 25] . But there are reports favoring the presence of vasogenic edema in partial SE [21] , which is the proposed mechanism for the reversibility of the lesions [26] . A high metabolic demand and a seizure-induced hyperperfusion could justify the vasogenic edema [9] . The irreversible neuronal damage may be induced by the coexistent cytotoxic edema [11, 15] .
Perfusion-MR
Contrast-based perfusion-MR demonstrated local hyper and hypoperfusion of brain parenchyma during epileptic activity in some case reports [27, 28] . A study using perfusion-MR in a rat pilocarpine model of SE found that there is a significant increase in cerebral blood flow (CBF) immediately after the onset of seizures in the retrosplenial and piriform cortex, the amygdala, and the hippocampus, followed by a decrease in all studied regions from 30 min to 1 h afterwards. They also identified a correlation between the blood flow decrease and neuronal damage, possibly by inducing a higher metabolic rate leading to neuronal loss in the subacute and chronic phase. Thus, contrast-based perfusion-MR is a sensitive technique to evaluate early blood flow variations during seizures [29] .
Arterial spin labeling is another perfusion-MR technique, noncontrast dependent and able to measure CBF over minutes or hours. It could be interesting to evaluate CBF time course and monitor eventual hemodynamic changes associated to SE. An experimental model (pilocarpine induced SE) found changes in parietal cortical CBF and low flow in the hippocampus; this relative hippocampal hypoperfusion may explain, at least in part, its vulnerability [30] . Using an analogous rat model, another group found no cortical hemodynamic abnormalities until 14 days after the induction of SE, but noticed a prolonged CBF elevation in amygdala at day 14 and the immunochemistry revealed an increased vessel density in the amygdala. The authors suggested that SE could lead to vascular remodeling with corresponding hemodynamic changes in the amygdala area [31] .
Susceptibility-weighted imaging
SWI, based in the different magnetic susceptibility of substances as iron, calcium or blood, (namely between oxygenated and deoxygenated hemoglobin) has been used to study microbleedings, vascular malformations, brain tumors or degenerative diseases [32] . A retrospective study (12 patients with SE) focusing on SWI findings described focal areas with pseudo-narrowing or pseudo-diminishing of cortical veins in all patients. These findings were associated with local hyperperfusion and correlated with the epileptiform activity location; also, they corresponded to DWI restriction areas in some of them. The authors considered SWI a useful tool to detect ictal areas, potentially superior to DWI, in addition to the ability to differentiate between stroke and nonconvulsive status epilepticus, since the findings may be the opposite [33] .
Spectroscopy
There are few studies evaluating metabolic changes in SE using spectroscopy. A decreased N-acetylaspartate (NAA) and/or lactate peak were described [4, 34] . Creatine (Cr) and choline levels did not change in two cases of electrical SE during sleep [35] . A KA induced SE model showed a decrease NAA/Cr, consistent with neuronal mitochondrial damage, an increase in glutamine/Cr [36] and a decrease in glutamate levels, which favors the hypothesis of loss of glutamatergic neurons induced by seizure activity [37] .
Relation of periictal MRI findings with clinical and EEG features
A study included patients with generalized, partial and nonconvulsive SE. Periictal MRI changes were more frequent in partial SE. However, they found periictal changes in only 20.6% of the patients [38] , much lower than previously reported [39] [40] [41] . Another study performed ictal EEG in 9 patients, which disclosed focal epileptiform discharges, including periodic lateralized epileptiform discharges (PLEDs) or rhythmic fast activity/focal slowing. Nevertheless, the concordance between seizure type (generalized versus focal), EEG (ictal and within 24 h after SE control) and MRI was registered in 38.6% of the cases [4] .
Rennebaum et al. [42] recently tried to elucidate the relation of clinical picture with the periictal changes as well. The authors presented 19 patients (28% of all included patients) with definite periictal DWI restriction, mainly involving the temporal cortex and pulvinar, simultaneously. The frequent thalamic involvement is concordant with the idea already expressed that this structure has an important role in SE and may participate in the consciousness disturbance during the seizures [10] . Concerning DWI restriction location, they did not find differences between seizure types. Consciousness impairment was more often observed in the group of periictal DWI restriction, which is not explained by the type of seizures, but probably by the epileptic network. In this group, the most frequent EEG patterns were intermittent repetitive activity and PLEDs. In contrast, the group of patients without periictal DWI restriction presented bilateral or generalized EEG discharges as the dominant features. Considering those differences, it can be hypothesized that the mechanisms underlying PLEDs could be similar to those related with periictal DWI restriction [42] .
Other investigators related a long duration of SE with more prevalent pulvinar and cortical lesions, and also founded that existence of high-intensity areas on DWI at the onset of SE may be a predictive factor for the occurrence of Todd's palsy [16] .
A reversible bilateral claustrum T2/FLAIR and DWI hyperintensity with normal ADC maps was specifically described in refractory SE occurring after a febrile illness with a predominance of focal motor seizures and myoclonus. That neuroimaging sign seem to be associated with a very aggressive form of SE. Multifocal spikes and sharp waves localized in frontocentral regions were reported in the majority of patients during acute phase EEG. The authors pointed out the possibility of a specific etiology for these cases, albeit unknown, considering the similarities of the findings between patients. The claustrum could have a pivotal role in the propagation and synchronization of epileptiform activity [43] .
The heterogeneity of the samples, including different types of seizures and etiologies, and a broad range of time to perform EEG and MRI may have contributed to the findings variability [4] . Moreover, it may be justified by the fact that these abnormalities might not happen in a universal way, but an extended time between the cessation of seizures and the MRI acquisition reduced the chance to find abnormalities. On the other hand, a longer seizure represents an increased opportunity to detect periictal lesions [38] .
Prognostic value of MRI findings
The few studies focusing on the impact of MRI in SE outcome are mostly retrospective [4, 12, 14, 39, [41] [42] [43] [44] [45] [46] [47] [48] . Some investigators described a high rate of neurological deficits, namely in motor or language functions, clearly related with the periictal activity (63.2%) and 46.2% developed de novo epilepsy; these neurological sequelae were topographically concordant with the periictal abnormalities and, in some degree, with follow-up findings in EEG and MRI [4] . Refractory and super-refractory SE cases with periictal claustrum hyperintensities developed chronic epilepsy in 85% of them [43] .
If the periictal lesions are mainly composed by cytotoxic edema, we could expect a worse clinical outcome [11, 15] . Other authors believe that the cytotoxic edema resolves in a few days and there is no development of permanent abnormality [38] . Development of right temporal lobe atrophy has been reported at six weeks, at 6 months and even at 58 months of follow up after the SE-related DWI hyperintensities have disappeared [44] [45] [46] . Other groups reported laminar necrosis after prolonged SE [47, 48] and 63.2% of patients developed late MRI lesions (focal atrophy, gliosis and cortical laminar necrosis) [4] . A similar finding was demonstrated in an animal model, without correlation with the MRI detected edema in acute phase [49] . It was suggested that SE could trigger a cascade of intracellular events, which lead to late apoptosis [45] .
Thalamic changes were not related to short and long term prognosis in one study [14] . There may be a thalamic and hippocampal sensibility to the propagation of epileptic activity, which can result in permanent lesions [18] .
Summarizing the prognostic aspects regarding the DWI signal changes attributable to SE, we can say that some hyperintensities might be reversible, but it does not mean a linear correlation with the outcome, as regions initially affected by signal abnormalities may ensue into laminar necrosis and atrophy, even after months of SE cessation, with the potential to constitute a new epileptic focus and/or neurologic deficits [4, 18, [44] [45] [46] [47] [48] . The etiology is also an important aspect to consider, since it could produce MRI abnormalities itself and is a known relevant SE prognosis factor.
Conclusions
There are several studies focusing on MRI findings of SE, in clinical setting or experimental models. However, the majority of the clinical studies are retrospective, with neither comparable cohorts nor similar MRI evaluation time windows. We also found clinical reports driving hypothesis, which need to be confirmed. These facts and the paucity of prospective studies contribute to some heterogeneity in the evidence available. Nonetheless, the DWI results are the most consistent across literature, revealing hyperintensities in the periictal phase in several locations with a possible role regarding prognosis. Persistence of DWI hyperintensities could represent neuronal loss, which could continue after the SE resolution.
MRI techniques are rapidly evolving and have the potential to drive a better knowledge regarding the pathophysiology of epilepsy in general, and SE in particular, since they provide an in vivo and a real time scenario. Future studies should address the true significance of periictal changes and try to identify imaging biomarkers, in order to help the design of better drugs and support prognosis definition.
